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Three genes, ipgD, mxiC, and mxid, all in the invasion region of the Shigella virulence plasmid, were
sequenced from strains representing a range of Shigella serotypes and from two enteroinvasive Escherichia coli
(EIEC) isolates. The plasmids can be classified into two relatively homogeneous sequence forms which are
quite distinct. pINV A plasmids are found in Shigella flexneri strains F6 and F6A, S. boydii strains B1, B4, B9,
B10, B14, and B15, S. dysenteriae strains D3, D4, D6, D8, D9, D10, and D13, and the two EIEC strains (M519
and M520). pINV B plasmids are present in S. flexneri strains F1A, F2A, F3A, F3C, F4A, and FY, two S. boydii
strains (B11 and B12), and S. sonnei. The D1 pINV plasmid is a recombinant with ipgD gene more closely
related to those of pINV A but with mxid and mxiC genes more closely related to those of pINV B. The
phylogenetic relationships of the plasmid and those of the chromosomal genes of Shigella strains are largely
consistent. The cluster 1 and cluster 3 strains tested (G.M. Pupo, R. Lan, and P. R. Reeves, Proc. Natl. Acad.
Sci. USA 97:10567-10572, 2000) have pINV A and pINV B plasmids, respectively. However, of the three cluster
2 strains (B9, B11, and B15), B9 and B15 have pINV A while B11 has a pINV B plasmid. Those Shigella (D8
and D10 and S. sonnei) and EIEC strains which do not group with the main body of Shigella strains based on
chromosomal genes were found to have plasmids belonging to one or the other of the two types and must have

acquired these by lateral transfer.

Molecular evidence derived from studies involving DNA
hybridization, multilocus enzyme electrophoresis, and se-
quencing of housekeeping genes indicates that Escherichia coli
and all members of the genus Shigella belong to the same
species (7, 22, 25), whereas the current classification scheme
recognizes four species within the genus Shigella: S. dysenteriae,
S. flexneri, S. boydii, and S. sonnei, representing subgroups A,
B, C, and D, respectively. Shigella strains are further divided
into 38 serotypes based on O antigen variation: 13 in S. dysen-
teriae, 18 in S. boydii, 6 in S. flexneri, and 1 in S. sonnei. It
appears from molecular data that the Shigella phenotype arose
within E. coli. In this paper we look at the relationships of 38
serotypes that are in reality Shigella clones of E. coli.

Shigella is the causative agent of shigellosis or bacillary dys-
entery, a diarrheal disease of humans. It involves an acute
inflammatory colitis which in its worst case is characterized by
intestinal cramps, bloody diarrhea, and neurologic symptoms
such as lethargy, confusion, severe headache, and convulsions
(1). However, since the 1940s, pathogenic forms of E. coli have
been recognized, and the enteroinvasive Escherichia coli
(EIEC) strains have the same mode of pathogenesis as Shigella
spp.

Virulence in all Shigella strains is dependent on the presence
of a large 210- to 230-kb plasmid. The virulence plasmids
pWRI100 in S. flexneri 5, pMYSH6000 in S. flexneri 2a, and
pSS120 in S. sonnei and those in other Shigella strains are
determinants for invasiveness and the ability to cause disease
(13) and are collectively termed pINV plasmids. A common
31-kb core region within pINV, essential for the virulence
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phenotype (13), includes genes for invasins, molecular chap-
erones, motility, regulation, and a specialized type III secretion
apparatus (23). A similar plasmid is found in EIEC strains.

We recently analyzed the relationships of Shigella strains to
each other and to other strains of E. coli by sequencing eight
housekeeping genes in four separate regions around the chro-
mosome (26). The study showed that Shigella strains fall into
one of three main clusters within E. coli. Cluster 1 contained
the majority of the S. dysenteriae and S. boydii serotypes. Clus-
ter 2 consisted of a smaller group of S. boydii serotypes and S.
dysenteriae serotype 2. Cluster 3 contains all of the S. flexneri
serotypes except serotypes 6 and 6A, which were in cluster 1. S.
dysenteriae 1, 8 and 10, and S. sonnei were outside of these
three main groups but also clearly within E. coli, while S. boydii
13 is not within E. coli and is apparently the only known
representative of a related species. From this it was evident
that the Shigella phenotype arose several times in E. coli.

EIEC, like Shigella strains, tend to have a reduction in the
number of substrates used relative to commensal E. coli strains
and may be Lac™, nonmotile, and lysine decarboxylase nega-
tive. EIEC strains have an invasion plasmid similar to that
harbored by Shigella strains (33). This raises the question of the
relationships and evolution of the invasion plasmids present in
these strains, and to better understand pINV evolution, we
sequenced three genes within the invasion region from a range
of Shigella strains and EIEC strains.

MATERIALS AND METHODS

Strains. We used 46 Shigella strains to represent the known serotypes and two
EIEC strains. Details are given in Pupo et al. (26) for Shigella strains and Pupo
et al. (25) for the two EIEC strains. For S. dysenteriae, S. flexneri and S. boydii, for
which there are multiple serotypes, we refer to serotypes as D1, F1A, and B1 for
S. dysenteriae 1, S. flexneri 1A, and S. boydii 1, respectively, and so forth. As we
used only one strain from each serotype, we have used the serotype name alone
in the text.



6304 LAN ET AL.

INFECT. IMMUN.

TABLE 1. Oligonucleotides used in this study

Gene (bp) Pnrégir psosisttizr;“ Primer sequence (5'-3") Eilnsit:; ‘?;?g?gg?

ipgD (1617) 1660 —355 TATCAGGCTCGGAGTGTTAT 20 51
1662 605 TCGGCGTCAGAAGAGAAGTC 20
1661 547 GACCAGAGTTATTATCACAG 20 49
1663 1474 TATTAGCACATCATCATCAA 20

mxiC (1067) 1814 —11 GTAGGTGATGTATGCTTG 18 47
1816 1068 GATCACTTTCATCTCCTG 18

mxiA (2066) 1817 -3 GAGATGAAAGTGATCCAG 18 48
1818 999 AAATGTACCAGTATAGCC 18
1819 946 ATTATAAAAAGGTCGTAG 18 46
1820 2004 AGCATACGATATAACGAG 18

“ Refered to the first base (A) in the ATG start codon.

Criteria for gene selection. Three genes (ipgD, mxiA, and mxiC) were selected
for analysis from the pINV genes for which sequence was available. The muxi
genes were chosen because mxid and mxiC genes are involved in export, effec-
tively a housekeeping function (23). The levels of polymorphism in the homo-
logues of the two genes in the inv-spa complex in Salmonella enterica are com-
parable to those of housekeeping genes (6), and the genes were selected to
represent such housekeeping genes. On the other hand ipgD was chosen because
the protein is secreted (3) and appears more variable from comparative sequence
analysis of a 20-kb segment of the invasion region of the S. sonnei pINV (Gen-
Bank accession no. D50601), a 4-kb segment of the S. flexneri 2a invasion region
(bases 230 to 4218 of S. sonnei sequence) (GenBank accession no. L04309), and
a 10-kb fragment of the S. flexneri invasion region (bases 10702 to 20323 of S.
sonnei) (GenBank accession no. D13663). This pattern of levels of variation is
found generally in type III secretion systems (15). ipgD has recently been re-
ported to be involved in host cell invasion during infection (21).

PCR and sequencing. Sequence was obtained directly from PCR product.
Primers for PCR and sequencing (Table 1) were based on the published se-
quences (GenBank accession nos D50601 and L04309) and selected taking into
account sequence conservation. Double-stranded PCR product was purified with
the Wizard PCR purification system (Promega, Madison, Wis.) to remove excess
PCR primer and eluted in 30 pl of sterile distilled water, and the sequence was
determined by the dye terminator technique using a thermal cycler (Perkin-
Elmer Cetus, Norwalk, Conn.) and automated 377 DNA sequencer (Applied
Biosystems, Burwood, Victoria, Australia), according to the manufacturer’s in-
structions.

Sequence analysis. DNA sequences were assembled and edited using pro-
grams Phred, Phrap, and Consed (12). Further analysis was undertaken using
programs available from the Australian National Genomic Information Service
(ANGIS) at the University of Sydney. Sequence comparisons were analyzed
using the Multicomp package (29). Multicomp calculates nucleotide diversity (1)
by the method described by Nei and Miller (20) and average pairwise percent
difference. Calculation of synonymous and nonsynonymous substitution rates
was done using the program kindly provided by W-H. Li (16). Molecular evolu-
tionary relationships among each of the genes studied were examined by the
neighbor-joining method of tree construction (19, 31), based on distance esti-
mated using the two-parameter method of Kimura (14). Phylogenetic trees and
bootstrap analysis to determine the statistical stability of each node were done
using Phylip (version 3.5 written by Joseph Felsenstein, Department of Genetics,
University of Washington, Seattle, Wash.).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the nucleotide sequence determined in this study are AY029074 to AY029154.

RESULTS AND DISCUSSION

Presence of plasmid pINV and amplification of ipgD, mxiC,
and mxiA genes. 46 Shigella and two EIEC strains were used in
attempts to amplify ipgD, mxiC, and mxiA. PCR-negative
strains were screened by DNA hybridization with an ipgD,
mxiC, or mxiA probe at low stringency. The F1B, F2B, F3B,
F4B, FX, D2, D12, B3, B5, B7, BS, B13, B16, B17, and B18
strains used were negative for all three probes and most likely
have lost the plasmid. This is perhaps not surprising, as spon-

taneous loss of the plasmid, which results in loss of virulence,
occurs readily (35). In addition, the ipgD gene and mxi genes
could not be amplified from some strains. mxiC only was ob-
tained for FY and D13, and mxiA4 only for D5 and D7. No ipgD
sequence was obtained from D8. No PCR product was ob-
tained from B6 and D11 for any of the genes, but they were
positive by probing, which indicates that B6 and D11 may have
a divergent form of pINV. Five EIEC strains were tested, but
only two (M519 and M520) have plasmids.

Sequence variation in ipgD. The 1,617-bp ipgD gene is lo-
cated at the beginning of the mxi operon, and IpgD is secreted
and involved in the manipulation of cellular process of entry
into host cells (3, 21). Sequences were obtained for 23 of the
Shigella strains representing all major Shigella clusters as de-
scribed by Pupo et al. (26), as well as for the two EIEC strains.
The S. sonnei sequence (M1608) has a few differences relative
to that reported for S. sonnei isolate HW383 (GenBank acces-
sion number D50601), which could be either sequencing errors
in the latter or strain differences. We confirmed all bases in-
volved in isolate M1608.

There were 91 (5.19%) polymorphic nucleotide sites in the
1,754 bp sequenced, which included the 1,617 bp of ipgD (Fig.
1), and polymorphic sites were distributed evenly throughout
the gene. A comparison of the sequences obtained revealed an
average pairwise nucleotide difference of 1.67%, which ranged
between 0.0 and 3.39%. This can be compared with pairwise
differences in chromosomal genes of the same strains ranging
between 0.01 and 1.35% (26).

Sequence variation in mxi genes. The 1,067-bp mxiC gene is
located approximately 7.7 kb downstream of ipgD, and MxiC is
involved in the transport of bacterial proteins into host cells
across the cell membrane (23). A total of 1,000 bp (bases 33 to
1032, 94% of the gene) was obtained from 27 Shigella and two
EIEC strains; 18 nucleotide sites (0.20%) were found to be
polymorphic (Fig. 1), with an average pairwise difference of
0.36% (range, 0.0 to 1.10%).

The mxid gene (2006 bp) is located 7 bp downstream of
mxiC and is an essential component of the type III secretory
machinery (4). The gene product has several potential mem-
brane-spanning regions. We obtained 1,947 bp (bases 36 to
1982, 97% of the gene) sequence for 27 Shigella and two EIEC
strains; 38 (1.95%) polymorphic nucleotides were found (Fig.
1). The average pairwise difference was 0.22% and ranged
between 0.0 and 1.34%.
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FIG. 1. Alignment of the polymorphic sites for the three genes sequenced. Note that for some strains for which no sequence was obtained, the corresponding region appears blank. The numbers
at the top of the figure, reading vertically, are base positions. Numbers (1, 2, and 3) at bottom are codon positions of that base (0 indicates a noncoding base), and an asterisk under a base indicates
a phylogenetically informative site.
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The gene products of mxi4 and mxiC appear to be mem-
brane bound (5), and variation in mxi genes is lower than in
ipgD, which encodes a secreted protein. This pattern of levels
of variation fits the general observation that membrane-bound
proteins are less variable than secreted proteins in type III
secretion systems (6, 15).

Genetic relationship among the plasmids. Neighbor-joining
trees were constructed for each gene and also for the three
genes combined (Fig. 2). In the three individual gene trees, all
sequences fell into two clusters, which indicates that there are
two sequence forms of the plasmid, which we refer to as pINV
A and pINV B. This distinction is supported by data on plas-
mid incompatibility (17) (see below). The distribution of the
two forms correlates well with variation in chromosomal genes
(26). All cluster 1 strains have the pINV A form, and cluster 3
strains have pINV B. However, of the three cluster 2 strains for
which we obtained sequence (B9, B11, and B15), B9 and B15
have pINV A form, while B11 has the pINV B form. S. sonnei
has pINV B, and the two EIEC strains have the pINV A form.

We reported previously that in chromosomal gene trees (26)
there are five outlier Shigella strains (D1, D8, D10, S. sonnei,
and B13) which do not fall into the three clusters. We obtained
sequences for all three genes from D1, D10, and S. sonnei and
two genes (mxid and mxiC) from DS, but none for B13. The
plasmid gene sequences for all but D1 are typical pINV A or
pINV B sequences.

The D1 pINV plasmid must have a complex history. The D1
ipgD gene is more similar to that of pINV A, with a segment
(bp 495 to 841) identical to that of D10, while the mxi4 and
mxiC genes are more similar to the pINV B form, sharing five
of the seven informative sites. However, there are many unique
polymorphic sites in the two mxi genes.

Distribution of two forms of pINV correlates with previously
reported plasmid incompatibility groups. The two forms of
pINV also differ in plasmid incompatibility. The pINV plasmid
present in Shigella and EIEC strains has the RepFIC replicon
belonging to the RepFIIA family (36). Makino et al. (17)
divided pINV plasmids into two groups based on compatibility
with an IncF1 plasmid (R386). The incompatible group con-
sisted of S. sonnei and S. flexneri other than S. flexneri serotype
6, while the compatible group included S. flexneri serotype 6, S.
boydii (three strains from serotypes 1 and 2), S. dysenteriae
(four strains from serotypes 1 and 4), and five EIEC strains of
four serotypes. This plasmid incompatibility grouping corre-
lates well with division into two sequence forms. D1, as dis-
cussed above, is of uncertain origin. However, the D1 pINV
plasmid is most likely a pINV A plasmid with the mxi genes
from a distantly related pINV B plasmid, as by plasmid incom-
patibility D1 is grouped with pINV A plasmids.

Origin of pINV and development of two forms. The viru-
lence plasmid pWR100 (a pINV B form) from an S. flexneri 5
isolate has recently been sequenced (8). The plasmid consists
of regions differing in GC content, with the largest block of
genes of the entry region and osp genes of similar GC content
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and possibly same origin, but the latter were interspersed with
insertion sequence elements. It was suggested that the plasmid
has been assembled from different sources. Our data on the
two forms of pINV relate to three genes of the spa-mxi-spa
locus and plasmid compatibility. The correlation in these two
properties indicates that they have been associated throughout
the period over which the Shigella strains diversified. However,
it is not excluded that other parts of the plasmid were added or
modified by recombination over this time frame.

Comparative divergence of plasmid and chromosomal genes.
Based on synonymous substitution (K;) data for chromosomal
genes, it was estimated that cluster 1 and cluster 2 are about
50,000 to 270,000 years old, while cluster 3 is about 35,000 to
170,000 years old (26). The pINV genes show similar levels of
divergence to housekeeping genes (K, is 0.0012 and 0.0037 for
the three pINV genes of cluster 1 and cluster 3 strains, respec-
tively, compared to 0.0016 and 0.001 for housekeeping genes of
cluster 1 and 3 strains). It appears that the common ancestors
for the strains in each of Shigella clusters 1 and 3 carried the
ancestral A and B forms of the pINV plasmid.

Lateral transfer of pINV. Of the 25 pINV plasmids in our
study, 24 fell into group A or B, the exception being D1. Within
the 24 strains were 3 outlier Shigella strains (D8, D10, and S.
sonnei) as well as the two EIEC strains. These five strains are
outside the major Shigella clusters, as shown by sequence of
housekeeping genes (25, 26). But the pINV sequences show
that their plasmids are either pINV A or pINV B, and all five
were probably acquired by lateral transfer. That S. sonnei has
a pINV B plasmid while D8 and D10 have a pINV A plasmid
indicates that strains with either plasmid can be donors.

The presence of several outlier Shigella-EIEC strains and
their acquisition of plasmids of either plasmid form indicates
that transfer of the pINV plasmid into other E. coli strains has
occurred several times. There may be many more cases of
transfer in EIEC strains. In a previous study, five EIEC strains
of four serotypes were found to be distributed among non-
pathogenic E. coli, except that the two strains of the same
serotype clustered together (25), indicating four independent
transfers of the invasion plasmid. The mechanism of such
transfer is not known. The pINV plasmid of several S. flexneri
strains was found to be unable to initiate conjugation (17, 34),
attributed to the presence of only a partial ra operon (27), but
this may not be representative. It has also been shown that the
pINV plasmid from an F5 strain is mobile in the presence of
other functional F plasmids (34). Watanabe and Nakamura
(37) demonstrated that with mobilization by an RP4 derivative,
pINV for S. sonnei, D1 and F2A could be introduced into
previously nonpathogenic E. coli and be stably maintained. It
seems clear from our data that with or without mobilization,
pINV plasmid transfer has been important in the origin of new
Shigella-EIEC clones.

Patterns of evolution in EIEC. The development of EIEC,
including the Shigella clones, parallels the evolution of other
forms of pathogenic E. coli. Reid et al. (30) recently studied

FIG. 2. Phylogenetic trees generated by the neighbor-joining method for the three genes sequenced. The number after the underscore gives
the cluster number identified by chromosomal gene trees (26). Bootstrap values are percentages of 1,000 replications and are indicated at the nodes
if the value is greater than 50%. Only strains with sequences for all three genes are included in the combined tree.
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the evolutionary patterns of enteropathogenic (EPEC) and
enterohemorrhagic (EHEC) strains by using sequence of seven
chromosomal genes and distribution of virulence genes and
found that gain of virulence elements has occurred many times
in separate lineages. The acquisition of virulence factors in
EPEC and EHEC strains is thought to occur in a stepwise
fashion, starting with the locus of enterocyte effacement (LEE)
pathogenicity island for both and subsequent acquisition of the
EHEC plasmid (pO157) and STX phage to give an EHEC
strain or the EAF plasmid only for EPEC strains (30). In
contrast to the stepwise model of EPEC and EHEC strains,
EIEC and Shigella strains seem to have only the pINV plasmid
as a required virulence element, although there are loci on the
chromosome encoding genes which may enhance virulence,
e.g., the SHE pathogenicity island (2, 28). The other identified
characteristics are loss of chromosomal properties, e.g., lysine
decarboxylation and curli production, although we do not
know which if any are prerequisites for it to become an invasive
organism. However, development of EIEC, as for EPEC and
EHEC, has occurred many times.

Shigella strains lack several catabolic pathways widely
present in E. coli. EIEC and Shigella strains spend much of
their time within eukaryotic cells and clearly have a very dif-
ferent nutrient supply from most E. coli. The loss of catabolic
functions is presumably related to this, but in most cases it is
not clear if it is simply that functions are lost only because they
are redundant or if the functions are deleterious. In the case of
lysine decarboxylase (LDC), it seems that the function is del-
eterious. Maurelli et al. (18) reported that the introduction of
cadA, the gene encoding LDC, into S. flexneri 2a resulted in
attenuation of virulence by inhibition of iron-regulated ente-
rotoxins. Deletions in the region of cadA in Shigella and EIEC
strains were found, and it was concluded that LDC is detri-
mental to the particular pathogenic lifestyle. LDC activity,
present in the majority of E. coli strains, is absent from Shigella
and EIEC strains and was used as a characteristic to differen-
tiate E. coli and Shigella. There is also circumstantial evidence
that there is selection against production of curli fimbriae (32).

There are losses of other functions in Shigella strains, includ-
ing motility, lactose fermentation, gas production, and utiliza-
tion of acetate, mucate, and xylose. It is not clear how these
losses are related to virulence. They are more likely be a
tradeoff of “use it or lose it” in adaptation to the specific niche
that Shigella occupies. Cooper and Lenski (9) reported that
during the evolution of E. coli populations in a minimal-glu-
cose environment, unused catabolic functions decayed while
the evolving populations adapted to the glucose. It was argued
that this is the effect of antagonistic pleiotropy (tradeoff) in
ecological specialization rather than mutation accumulation
for the decay of the unused catabolic functions by accumula-
tion of mutations by random genetic drift. It remains to be
shown if this applies to most cases of loss of function in Shigella
and EIEC clones.

Virulence variation of EIEC and Shigella. Little is known of
variation in the level of virulence of Shigella clones except for
D1. D1, the type form of Shigella, is the primary agent of
epidemic shigellosis and is isolated from around 30% of dys-
entery cases in areas where Shigella spp. are endemic (13). The
Shiga toxin, carried on a phage in D1 but no other Shigella or
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EIEC strains, contributes significantly to the clinical manifes-
tation of D1 infections (24).

EIEC strains are generally perceived to be less virulent than
Shigella clones, with a higher infectious dose of EIEC in vol-
unteers (10, 11). We have now shown that the virulence plas-
mids of the two EIEC strains are one of the two forms of
Shigella plasmid. Therefore, virulence differences between
EIEC and Shigella may not lie in the virulence plasmid, unless
the difference is in regulation of virulence genes or interaction
of chromosomal genes with plasmid-encoded genes. It seems
necessary to reassess the variation in virulence within and
between EIEC and Shigella strains using a widely representa-
tive set of strains based on the emerging phylogenetic classifi-
cation of Shigella and EIEC that will help elucidate their mech-
anisms of virulence and pathogenesis.

Taxonomic status of Shigella. The data presented in this
paper add more sequence-based evidence to the already over-
whelming evidence that the four Shigella species and E. coli are
in reality one species. We are in the position of having phylo-
genetic trees based on either housekeeping genes (26) or pINV
plasmid genes (this paper) in which sequences of five named
species are intermingled. This is very confusing unless one
understands that the five species are in fact a single species. To
avoid further confusion, it is important that this issue of no-
menclature be resolved.

Conclusions. The evolutionary relationships of the pINV
(virulence) plasmids of Shigella and EIEC were analyzed using
sequence of three genes in the invasion region of the plasmid.
The plasmids can be classified into two distinct but closely
related forms on this basis. The clustering of Shigella strains by
plasmid forms is largely consistent with that based on chromo-
somal gene sequences. Moreover, a number of Shigella strains
which were found to be unrelated to the main body of Shigella
strains appear to have acquired their virulence plasmid by
lateral transfer from other pINV-carrying strains. This situa-
tion also applies to the two EIEC strains studied: both were
found to have plasmids identical to those found in Shigella
strains. Shigellae are forms of EIEC, with the three main
clusters representing three successful clones. The evolution of
EIEC and Shigella forms of E. coli involves gain of a pINV
plasmid and loss of catabolic functions, and we postulate that
the loss of most catabolic functions is not related to virulence
but due to adaptation to the niche that they occupy.

S. dysenteriae 1 (D1), the type form for Shigella and promi-
nent in outbreaks, is unusual in all aspects. D1 is distinct from
other Shigella strains in both chromosomal genes and pINV
genes. D1 is also unique among Shigella and other enteroin-
vasive strains of E. coli in the production of Shiga toxin. The
combination of the two virulence factors results in its distinc-
tive clinical and pathogenetic features.
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